In view of an increasing number of publications that deal with functional mapping of the human amygdala using blood oxygenation-level-dependent (BOLD) magnetic resonance imaging, we reevaluated the underlying image quality of T2*-weighted echoplanar imaging (EPI) and fast low angle shot (FLASH) sequences at 2.0-T with regard to susceptibility-induced signal losses and geometric distortions. Apart from the timing of the gradient echoes, the degree of susceptibility influences is controlled by the image voxel size. Whereas published amygdala studies report voxel sizes ranging from 22 to 125 l, the present results suggest that reliable imaging of the amygdala with BOLD sensitivity requires voxel sizes of 4 to 8 l or less. Preferentially, acquisitions should be performed with a coronal section orientation. Although high-resolution BOLD MRI is at the expense of temporal resolution and volume coverage, it seems to provide the only solution to this physical problem.
INTRODUCTION
Many of the early magnetic resonance functional neuroimaging studies focused on the mapping of primary sensory systems. Prominent reasons included the need for a validation of this new modality and the desire to detail previous neuroscientific insights obtained by positron emission tomography in terms of spatiotemporal resolution or paradigm specificity. In addition, simple extensions of the functional MRI (fMRI) approach to higher cognitive processing often failed because of the presence of pronounced magnetic field inhomogeneities in brain regions at focus. For example, this holds true for the anterior portion of the hippocampal formation, relating to studies of memory and learning, and particularly the amygdala, relating to functional mapping of brain responses to stimuli with emotional contents.
The purpose of this comment is a reanalysis of our ability to image the human amygdala with blood oxygenation-level-dependent (BOLD) MRI sensitivity, i.e., by using T2*-weighted gradient-echo sequences. Its primary aim is to put up a warning sign for paying sufficient attention to technical confounds that need to be addressed before the scientific community should trust the colored spots of alleged activations. The data presented here should help to further the tremendous potential of fMRI in both basic and clinical neuroscience by drawing a clear line between sound results and dubious material.
THE SUSCEPTIBILITY PROBLEM
We specifically draw attention to the unavoidable presence of susceptibility-induced magnetic field inhomogeneities in the vicinity of the human amygdala. The underlying physical reason is the neighborhood of the air-filled bony cavities at the skull base, which have very different magnetic susceptibilities than brain tissue. In the static magnetic field of an MRI system these structures therefore generate magnetic field gradients in extended transition zones. The resulting spatially dependent frequency distribution of the MRI signal leads to a partial dephasing or even a complete randomization of the individual magnetization components. Integration of the intravoxel components during data acquisition yields a corresponding signal loss within affected voxels.
Despite this fundamental physical problem, a surprisingly large number of publications claim successful mapping of emotional processing in the amygdala, for example, see Breiter et al. (1996) , Irwin et al. (1996) , Schneider et al. (1997) , Birbaumer et al. (1998 ), Bü chel et al. (1998 , LaBar et al. (1998) , Phillips et al. (1998) , Whalen et al. (1998) , Baron-Cohen et al. (1999) , Phillips et al. (1999) , Schneider et al. (1999) , Critchley et al. (2000) , Rauch et al. (2000) , Schneider et al. (2000) , and Zalla et al. (2000) . In these studies at 1.5-T and 2.0-T, the echo time varied between 30 and 70 ms in order to obtain sufficient T2* sensitivity for the detection of subtle changes in cerebral blood oxygenation, or more precisely, in the absolute concentration of paramagnetic deoxyhemoglobin per image voxel. The voxel size of the raw images, the key parameter determining the degree of susceptibility influences, ranged from 22 to 125 l, which is well above the typical values for anatomic imaging. Most studies acquired images from transverse sections or along the AC-PC orientation. Unfortunately, none of the publications presented fMRI raw images that demonstrate the achieved image quality. Here, we therefore reproduced the experimental results of typical publications to retrospectively assess their ability to unambiguously image the full extent of the amygdala as a prerequisite for functional mapping. Figure 1A shows an anatomic reference image of a transverse section through the right and left amygdala (see arrows) of a healthy subject. It is to be compared with a typical BOLD-sensitive echoplanar image of the same section at 3.75 ϫ 3.75 ϫ 6.0-mm 3 or 84-l resolution displayed in Fig. 1B . In this example, the direction of the phase-encoding "blipped" gradient of the echoplanar imaging (EPI) sequence has been chosen from posterior (bottom) to anterior (top). This variant provides much less geometric distortions than obtained for interchanged frequency-and phase-encoding gradients (not shown). Corresponding results for a coronal section are shown in Fig. 2 , comparing a spin-echo image ( Fig. 2A) with an echoplanar image (Fig. 2B ) at 4.0 ϫ 4.0 ϫ 4.0-mm 3 or 64-l resolution and again for the more favorable phase-encoding direction, which in this case is oriented from head (top) to feet (bottom).
Visual inspection of the EPI scans reveals a lack of signal in the area of the amygdala, which turns out to be almost complete in the transverse image and less pronounced for the coronal section orientation. In both cases, the affected parts of the image show steep intensity variations, which extend from the anterior zones of total signal loss to more posterolateral parts with partial dephasing and residual signal. In particular, the transverse EPI scan shows additional high-intensity artifacts in border zones and also suffers from severe geometric distortions. These latter effects reflect the well-known sensitivity of EPI to resonance offset contributions from chemical shifts, e.g., lipid protons, or frequency-shifted water proton signals in regions of altered susceptibility.
It is not the purpose of this article to speculate on the accuracy of functional mapping studies based on the image quality shown in Figs. 1B and 2B. However, the observation of "meaningful" responses or "plausible" activity patterns does not necessarily imply sound data, because it can easily be demonstrated that stimulus-correlated head motion, e.g., a small nodding movement when viewing a new visual stimulus, may produce artifactual "activations," which are specifically localized to areas of susceptibility changes with pronounced contrast borders. Pertinent problems become even worse for fMRI studies of related psychiatric disorders because stimulus-correlated subject motions are a much more relevant concern in a cohort of psychiatric patients than in motivated young adults.
A SEARCH FOR SOLUTIONS
For a given field strength, the degree of inhomogeneity-induced signal dephasing in gradient-echo MRI is proportional to the echo time and voxel size. Whereas relatively long echo times are required to provide sufficient sensitivity to changes in the deoxyhemoglobin concentration, a reduction of the voxel size results in a reduction of macroscopic susceptibility artifacts while retaining the intravoxel BOLD contrast mediated via a microscopic dephasing process.
These ideas have led Merboldt et al. (2000) to propose fMRI studies with reduced susceptibility artifact by acquiring very thin EPI sections. Pertinent images may subsequently be added to enhance the signal-tonoise ratio and to present activations at a more conventional section thickness of 3-6 mm. Figures 1C and  2C present applications of this technique to image the amygdala at 2.0 ϫ 2.0 ϫ 1.0-mm 3 resolution. Although the use of a 128 ϫ 128 matrix prolongs the mean echo time of a 64 ϫ 64 EPI sequence from 33 ms (Figs. 1B and 2B) to 54 ms (Figs. 1C and 2C ), the coronal section shows considerable improvement. In contrast, remaining strong susceptibility artifacts in the transverse section preclude a reliable utilization for functional mapping. Despite a 20-fold reduction of the voxel size relative to the EPI acquisition shown in Fig. 1B , the image in Fig. 1C still suffers from pronounced signal losses as well as resonance offset artifacts. If uncorrected, e.g., by echo-time shifting, resonance offset effects exclude the use of multiecho phase-encoding strategies in EPI or multiecho FLASH. The latter method has recently been employed for a reduction of the measuring time when mapping ocular dominance bands in human primary visual cortex at very high spatial resolution (Dechent and Frahm, 2000) .
BOLD-sensitized FLASH images of the same sections as chosen for EPI are shown in Figs. 1D-1F and 2D-2F at 2.0 ϫ 1.0 ϫ 4.0 mm 3 (8 l), 2.0 ϫ 1.0 ϫ 2.0 mm 3 (4 l), and 1.0 ϫ 1.0 ϫ 1.0 mm 3 (1 l) resolution, respectively. These T2*-weighted images of the amygdala decrease the susceptibility artifacts at the expense of prolonging the measuring times from 6 s (Figs. 1D and 2D) to 12 s (Figs. 1E and 2E) and 48 s (Figs. 1F  and 2F ). The approach completely avoids spatial misregistrations due to resonance offset effects. Moreover, the results suggest that signal dephasing in the amygdala may be alleviated, provided the voxel size is Յ4 l in transverse sections or Յ8 l in the more tolerant coronal orientation. However, because a temporal resolution of 6 -12 s appears to be inadequate for mapping functional activations of the amygdala, it may be recommended to search for coronal sections with negligible resonance offset contributions. As shown in Fig. 2C , this would allow the use of the thin-section EPI method, which offers 4-l resolution and 2-s measuring time, while covering a volume of 16-mm thickness (Merboldt et al., 2000) . 
ANYTHING ELSE?
In conclusion, functional mapping of the amygdala by BOLD MRI techniques requires high spatial resolution along all three dimensions. The present results suggest that a reliable study will have to be based on coronal acquisitions and voxel sizes of 4 -8 l or less. The only real alternative to the susceptibility problem may evolve from the use of flow-based functional mapping techniques, which do not necessarily require MRI sequences with intrinsic T2* contrast as in EPI. Pertinent applications need to combine current developments in perfusion MRI with single-shot imaging sequences that acquire spin echoes, stimulated echoes, or gradient echoes with very short echo times. Whether flow-based mapping of the amygdala without EPI will become a realistic alternative, remains to be seen.
